Full-sib heritabilities, phenotypic and genetic correlations of 10 morphological and three life history traits in the European dung fly Sepsis cynipsea are presented. We further supply a within-species test of Cheverud's (1988) conjecture that phenotypic correlations may be good, and much easier to obtain, substitutes for genetic correlations. Males were smaller in all traits except fore femur width. Heritabilities of morphological traits ranged from 0.33 to 0.90 and tended to be higher than the average reported for ectotherms . Those for the three female life history traits estimated were lower (0.16-0.32) and about average. Genetic correlations between the sexes ranged from 0.52 to 0.87 and were all less than unity. Differential selection on morphology in males and females can thus be expected to produce fast evolutionary responses in this species. Our analysis revealed also that in S. cynipsea phenotypic correlations are good substitutes for genetic correlations for combinations involving morphological traits, and that genetic correlations derived from the ANCOVA and the family mean methods were very similar. However, the former correspondence may be strongly reduced by the inclusion of particular traits (here male seta length).
Introduction
The evolutionary analysis of quantitative traits depends on estimation of two central genetic parameters, the heritability and the genetic correlation (Roff, 1995 (Roff, , 1996 (Roff, , 1997 . In combination with modern quantitative measurements of selection, estimates of these parameters permit prediction of the evolutionary response of one or more traits to selection (Lande & Arnold, 1983; Arnold & Wade, 1984) . For this purpose estimates from natural populations would be most desirable, but these are often difficult to obtain. Therefore, laboratory estimates must suffice in many cases; fortunately, contrary to conventional wisdom, these are not overly inflated (Simons & Roff, 1994 Weigensberg & Roff, 1996) .
Even laboratory estimation of quantitative genetic parameters is labour intensive and time-consuming. This is particularly true for genetic correlations between two traits, which unless sample sizes are extremely large tend to have wide confidence intervals (Roff, 1995) . Analysing data from 23 published studies, Cheverud (1988) conjectured and showed that phenotypic (Pearson product-moment) correlations can be good, and much easier to obtain, substitutes for genetic correlations (see also for similar data). Willis et al. (1991) subsequently criticized Cheverud's (1988) methods of analysis and the fact that most data stemmed from laboratory studies of morphological traits, which may not be representative. Since then, two similar studies using more refined methods and more extensive datasets have appeared (Koots & Gibson, 1996; Roff, 1996) . In addition, there are now some single-species studies specifically addressing Cheverud's conjecture: Hughes (1995) on Drosophila melanogaster; Roff (1995) on Gryllus firmus; Simons & Roff (1996) on Gryllus pennsylvanicus; Tucic & Avramov (1996) on Iris pumila; and Bonnin et al. (1997) on Medicago trunculata. With the exception of Hughes (1995) , all these studies support Cheverud's conjecture, but the issue remains contentious (Willis et al., 1991; Roff, 1996 Roff, , 1997 .
The purpose of this paper is twofold. First, we present phenotypic values, full-sib heritabilities of and the phenotypic and genetic correlations among 10 morphological and three (female) life history traits for the dung fly S. cynipsea, the most common and abundant European species of a large group of similar-looking, ant-like dung flies of the family Sepsidae (Pont, 1979; Meier, 1996) . As part of a larger research programme on the evolution of sexual size dimorphism in dung flies, estimates of these parameters are necessary to evaluate the effects of selection on body size evolution. Body size continues to be one of the most prominent quantitative traits under evolutionary scrutiny because of its strong relationship with many physiological and fitness characters (Peters, 1983; Schmidt-Nielsen, 1984; Roff, 1992) , and because of conspicuous general evolutionary patterns of sexual size dimorphism and body size allometry in many organisms (Lande, 1980; Fairbairn & Preziosi, 1994; Jablonski, 1997) . The second purpose of this paper is to supply another extensive dataset testing Cheverud's (1988) conjecture within a species, as was called for by Roff (1995) .
Materials and methods

Rearing procedures
The individuals used in this study stemmed from the fourth laboratory generation of a S. cynipsea population in Fehraltorf near Zurich (47°23N, 8°44E) collected in September 1994. In the laboratory the flies were held in six 3.5-L plastic group-rearing containers, where they had continuous, ad libitum access to sugar and pollen (for food), water, and fresh dung (for food and oviposition). They were kept in a climate chamber at 27-30°C (range), :40% relative humidity, and 15 h photoperiod. A description of the general rearing procedures can be found in Blanckenhorn et al. (1998) .
As soon as they eclosed as adults in the large rearing containers, the (third-generation) individuals serving as parents in this study were separated according to sex. Pairs were then randomly assembled into 100 mL glass bottles containing the above nutrients in miniature plastic dishes, which were capped with a paper stopper. Males and females originated from different rearing containers to avoid brother-sister matings. The pairs stayed together in these bottles until the females had produced three clutches of eggs, and thereafter they were discarded. Each of the three full-sib clutches per family was raised in 50-mL plastic containers capped with toilet paper lids containing a superabundant (1 g per larva) amount of dung (Blanckenhorn et al., 1998) . Only one of these offspring sibships per family was considered for the experiment; the others served as back-ups and were later discarded. There was a total of 38 full-sib families for which offspring data were collected. Contrary to the parents, which developed in Petri dishes containing many conspecific larvae of various parents (i.e. at relatively high larval densities), the offspring generation developed under little to no larval competition. Therefore, parent-offspring regression could not be performed.
As soon as the individuals of the offspring generation eclosed in their individual rearing containers, they were again separated by sex. From one of the three containers (corresponding to the three clutches) per family that yielded at least 10 male and 10 female offspring, pairs were again assembled, such that the 10 (randomly picked) males of a particular family were paired with the 10 (randomly picked) females of another family selected at random, and vice versa. As for the parents, they were left until the females of each offspring pair had produced three clutches of eggs; thereafter the individuals were frozen for later measurement.
Traits measured
For all the 38 families of 10 female and 10 male offspring, several individual life history and morphological traits were measured. The number of eggs in each clutch was counted, and an estimate was made of the egg volume of the ellipsoid eggs as the mean of five randomly picked eggs from the first clutch of each female as (4/3) (egg length/2) (egg width/2) 2 . Because S. cynipsea females sometimes lay incomplete clutches, fecundity was additionally expressed as eggs laid per day. Eggs per day was calculated for each female as the total number of eggs laid divided by the time period spanning the first and the last oviposition [i.e. eggs per day (all days)]; alternatively, eggs per day was calculated with respect to the time period from the fourth to the tenth day of a female's adult life [i.e. eggs per day (days 4-10)]. Unless specified, the former measure was used in all analyses. Development time was not considered because of too little variation at high temperatures when checked on a daily basis (Blanckenhorn, 1997) .
Ten morphological traits (depicted in Blanckenhorn et al., 1998) were measured: head width, thorax length and width, wing length and width (left and right), hind tibia length (left and right), fore tibia length (left and right), fore femur length and width (left and right), and the length of the longest male fore femoral setae or spines (left and right), part of the claspers with which males hold on to the females' wing bases (Pont, 1979) . All measurements were performed with a binocular microscope at 40 magnification (to the nearest 1/80 mm).
For a subset of 20 males and 20 females, all morphological variables were measured five times at daily intervals to estimate measurement error and the repeatability of the measurements (Falconer, 1989; Becker, 1992) .
Statistical analysis
Repeatabilities R and full-sib heritabilities h 2 were calculated using standard ANOVA approaches (Falconer, 1989; Becker, 1992; Roff, 1997) .
where V aInd and V wInd are the among-and withinindividual variance components, MS aInd and MS wInd the corresponding mean squares from the ANOVA, and m is the number of measurements per individual.
where V aFam and V wFam are the among-and withinfamily variance components, MS aFam and MS wFam the corresponding mean squares from the ANOVA, and k is the weighted mean family size (unequal because of missing values). Approximate standard errors of both R and h 2 were estimated as in Becker (1992) and Roff (1997) . For the paired traits, the mean of the left and right measurements was used for analysis, but h 2 was additionally calculated for the individual measurements for comparison. The genetic and residual (environmental) coefficients of variation standardized by the trait mean were also computed (Houle, 1992) :
The genetic correlations between the sexes were calculated using two methods, the variance component method and the family mean method. The variance component method considers the character as expressed in two environments, the 'environment' here being sex (Yamada, 1962; Fry, 1992; Roff, 1997) :
where differs significantly from zero, but no such test for significant deviations from unity exists. Therefore, an approximate standard error for each correlation was estimated using a deleteone-family jack-knife described in Roff & Preziosi (1994) , with which a one-sample t-test could then be performed. The family mean method simply computes r m(sex) as the phenotypic (productmoment) correlation between the family trait means as expressed in both sexes (Simons & Roff, 1996; Roff, 1997) . The corresponding standard error is:
, where n is the number of families. One-sample t-tests can then be used to test for deviations from zero and unity.
In analysing the genetic (r g ) and phenotypic (r p ) correlations within individuals, the methods of Roff (1995 Roff ( , 1996 were closely followed.
can be computed from ANCOVAs analogous to those for h 2 (Becker, 1992; Roff, 1997) , with:
]} as its approximate standard error (Roff, 1995) , which is a function of the total number of individuals N and the heritabilities of the two traits X and Y. The phenotypic correlation r p is simply the Pearson product-moment correlation using all individuals N, with the standard error as above. The genetic correlation can further be approximated as the Pearson product-moment correlation among the family trait means r m (Via, 1984; Roff, 1997) . To examine the correspondence between these measures, r g was regressed on r p as well as on r m . The assumptions of linear regression were clearly violated by the data but the primary interest was in the estimates of slope and intercept rather than the significance of the relationship (see discussion in Roff, 1995 Roff, , 1996 . The significance of the correspondence was therefore assessed using a Mantel test (Cheverud, 1988; Roff, 1995) . The mean absolute difference is also reported between r g and r p and between r g and r m ,
where i, j refer to traits i and j (ij) and n is the total number of pairs of correlations (Roff, 1995) .
Results
Phenotypic values, heritabilities and repeatabilities
Repeatabilities for males and females differed in no case (all t 19 1.4, P0.2), so the combined analysis for all 40 individuals is presented (Table 1) . When measuring the same trait of the same individual five times, measurement error was typically very low, except for the smallest traits, fore femur width and seta length (males only).
All mean trait values differed between males and females (all t 37 10, P0.001), males being generally smaller except in fore femur width. Heritabilities were consequently calculated separately for each sex. Full-sib heritabilities for all morphological traits (except female fore femur width) were high, whereas those for the three female life history traits estimated were lower (Table 1 ). All h 2 differ significantly from zero at P0.001, as indicated by the ANOVA F-tests, except for eggs per day, which is significant only at P = 0.01. As the degree of imbalance in the dataset can be considered minor (see k in Table 1) , the approximate SEs given should be satisfactory (cf. Simons & Roff, 1994; Roff, 1997) . The individual h 2 estimates differed between the sexes only for fore femur width (paired t 37 = 2.11, P = 0.041), but even this is not significant when employing the sequential Bonferroni correction for nine comparisons. Heritabilities of the seven paired traits were only slightly inflated by analysing the mean of left and right measurements, which of course reduced error: h 2 for the individual measurements were only 0.4-3.5% lower, except for fore femur width and seta length (males only), for which the reduction was more substantial (15.2-18%; compare Table 1) .
Mean-standardized coefficients of full-sib genetic and residual variation for the nine morphological traits (seta length excluded for direct comparison) averaged CV aFam = 2.40% (SE = 0.28) and CV Res = 3.42% (0.82) for males and CV aFam = 3.06% (0.31) and CV Res = 3.77% (0.41) for females (Houle, 1992) . The average CV aFam was higher for males than for females (t 8 = 4.80, P = 0.0014), whereas the CV Res did not differ between the sexes (t 8 = 1.14, P = 0.287). For the three female life history traits clutch size, eggs per day and egg volume, the CV aFam were 7.21%, 12.32% and 2.07% and the CV Res 16.56%, 41.23% and 5.24%, respectively.
Genetic correlations between the sexes
For all nine morphological traits expressed in both sexes, two-way ANOVAs indicated differences between the sexes (F 1,660 P279.15), genetic variation among families (F 37,37 P2.86) and an interaction (F 37,660 P1.91, all PO0.001). The latter implies that the degree of genetic variation is not the same in both sexes (Fry, 1992) . Consequently, the genetic correlations between males and females were less than unity, ranging from 0.69 to 0.87 for the variance component estimate r g(sex) , from 0.72 to 0.87 (jackknife SE range: 0.02-0.08) for the corresponding jackknife estimate r j(sex) , and from 0.52 to 0.77 (SE range: 0.11-0.15) for the family mean estimate r m(sex) ( Table 1 ). The estimates were congruent but the variance component estimate was consistently higher than the family mean estimate (Fry, 1992; Simons & Roff, 1996) . All estimates of r m(sex) were greater than zero and less than unity (one-sample t-tests; P0.05). All estimates of r g(sex) were also greater than zero at P0.001 as judged by the appropriate F-test (Fry, 1992) , and all estimates of r g(sex) and r j(sex) were less than unity at P0.001 (t-test using the jackknife SE). Bonferroni corrections are inappropriate because in the case of highly correlated traits it must be expected that either all correlations are unity, or none are (Simons & Roff, 1996) .
Testing Cheverud's conjecture
There were nine morphological and three life history traits for females, and 10 morphological traits for males. The male dataset was analysed with and without seta length, the latter case facilitating direct comparison of the results for the sexes. There were thus 45 pairs of (i.e. correlations among) morphological traits (M-M) for males. For the females, there were 36 M-M correlations, three correlations among life history traits (L-L), and 27 correlations between life history and morphological traits (M-L). The latter two sets were lumped.
Overall, genetic (r g ) and phenotypic correlations (r p ) corresponded very well ( Fig. 1 and Table 2 ): the slope of the regression of genetic on phenotypic correlations only differed significantly from unity for the male M-M dataset when seta length was Table 1 Repeatability (R) of measurement on 20 males and 20 females, character size, among-and within-family variance components (V aFam , V wFam ), heritabilities (h 2 ) measured on 38 full-sib families with k offspring, and genetic correlations between the sexes estimated from variance components (r g(sex) ) with the corresponding jackknife estimate (r j(sex) ) and from family means (r m(sex) ), for 10 morphological and three female life history traits of Sepsis cynipsea
Females
Males k , weighted mean family size (Becker, 1992; Roff, 1997) .
included (Table 2 Genetic correlations r m based on the family mean method (Via, 1984) closely matched those based on the ANCOVA method r g (Fig. 2 and Table 2 ). For the dataset reported here both methods were thus equally applicable (Roff, 1997) . 
Discussion
Genetic variation and its consequences for morphological evolution
Heritabilities of most morphological traits in the dung fly S. cynipsea were quite high, higher than the average reported for ectotherms by . In contrast, the heritabilities of female fecundity and egg size were, as expected, lower and comparable to those of other ectotherms . As these estimates were derived from full-sib analyses, they probably overestimate the true heritabilities to some extent (see discussion below). Body size (i.e. head width, wing length or hind tibia length) and some male fore leg features are sexually selected in S. cynipsea (Ward, 1983; Allen & Simmons, 1996; Blanckenhorn et al., 1998) . Fecundity selection on body size is also strong (W. U. Blanckenhorn et al., unpubl. obs.) . High heritabilities imply the potential for fast responses to selection on morphology in this species.
The genetic correlations in morphology between the sexes were also high. The higher this genetic correlation, the longer is the time required for sexual size dimorphism to evolve; in fact, this time will theoretically be infinite if the correlation is unity (Lande, 1980; Reeve & Fairbairn, 1996) . Our estimates r m(sex) based on the Pearson product-moment correlation of family means were generally lower than those of r g(sex) based on the ANCOVA method (Fry, 1992; Simons & Roff, 1996; Roff, 1997) . Both were significantly less than unity for all traits based on one-sample t-tests. A jackknife procedure was used to estimate the standard error of r g(sex) , as no statistical test is available (D. A. Roff, per. com.) . These results must be considered preliminary, as Roff (1997, p. 42) cautions against indiscriminate use of jackknife procedures unless it is established that they are appropriate for the particular problem at hand (see also Roff & Preziosi, 1994; Simons & Roff, 1994 . However, we have confidence in our results because of the good correspondence between the genetic correlations derived from the family mean and the ANCOVA methods (see below; Simons & Roff, 1996; Roff, 1997) .
Obviously, sexual size dimorphism has evolved in S. cynipsea. This would be greatly facilitated if genetic correlations in morphology between the sexes were indeed less than unity. Furthermore, faster responses to selection in one sex compared to the other would be possible if the amount of genetic variation differed between the sexes. Even though the heritabilities of all morphological traits were similar for males and females, the mean-standardized coefficients of genetic variation CV aFam , a measure closely related to 'evolvability' (Houle, 1992) , were higher for males. However, the meanstandardized genetic and residual variability of all traits measured here (including egg size), except clutch size and eggs per day, and therefore the evolvability of these traits, is comparatively low (Houle, 1992) .
Correspondence of phenotypic and genetic correlations
As with the majority of studies addressing this question to date (listed in the Introduction), this study of S. cynipsea revealed that, overall, phenotypic correlations r p are good substitutes for genetic correlations r g , both for combinations of morphological traits (M-M) and for combinations of morphological and life history traits (M-L); the small number of correlations among female life history traits (L-L) does not permit any conclusions. However, the correspondence between r g and r p in males was strongly and uniquely reduced by the inclusion of seta length. As Roff (1995) , we also found that r g was generally greater than r p . This was disproportionately the case for the pairs of traits involving seta length (Fig. 1) . We cannot offer an explanation for this phenomenon, but it suggests that general patterns may not hold for particular traits.
Our dataset further revealed that genetic correlations estimated from the ANCOVA (r g ) and the family mean (r m ) methods corresponded very well (Via, 1984; Roff, 1997) . Roff & Preziosi (1994) have shown that the family mean method can be substantially biased unless family size is large (P20). This does not seem to be the case here, even though family size was only about 10.
All phenotypic and all but two genetic correlations among the traits measured were positive. This includes those between clutch size and egg volume (r p = 0.06 and r g = 0.13) and between eggs per day and egg volume (all days: r p = 0.13 and r g = 0.12; days 4-10: r p = 0.10 and r g = 0.14), suggesting no strong trade-off between fecundity and egg size (Roff, 1992) . The phenotypic correlation between development time and body size, estimated over a range of temperatures, is also low (r p = 0.08; Blanckenhorn, 1997).
The genetic correlations among morphological traits were very high, as were the corresponding heritabilities. This may relate to the relatively uniform environmental conditions in our laboratory experiment (Willis et al., 1991) , as full-sib genetic estimates contain variance attributable to dominance and common environment (Falconer, 1989) . However, we do not believe that our results are therefore strongly biased. First, laboratory and field estimates of heritabilities and genetic correlations are, in general, similar (Simons & Roff, 1994 Weigensberg & Roff, 1996) . Secondly, full-sib genetic estimates of morphological (but only some behavioural and life history) traits in Drosophila and various animals are generally not higher than those derived from parent-offspring regression . This implies that nonadditive genetic effects of quantitative traits are typically small relative to sampling variance (see also Koots & Gibson, 1996; Roff, 1997) . Thirdly, we know from another laboratory experiment, where the clutch of a female was split into two containers, that container (i.e. common environment) effects on morphological traits are small (i.e. nonsignificant) compared to family and temperature effects and can therefore be neglected in this species, at least when employing our typical rearing methods as used here (W. U. Blanckenhorn, unpubl. obs.) . All these arguments notwithstanding, it must be noted that full-sib studies like the one reported here will tend to bias results in favour of Cheverud's conjecture.
Overall, our population of S. cynipsea showed high levels of genetic variability, particularly in morphology. Differential selection on body size in males and females can thus be expected to produce rapid evolutionary responses in this species, possibly leading to further variation in sexual size dimorphism, as genetic correlations between the sexes were significantly less than unity (Fairbairn & Preziosi, 1994; Reeve & Fairbairn, 1996) . Furthermore, Cheverud's (1988) conjecture also holds true in dung flies. Taken together, the majority of studies to date support the view that phenotypic correlations are, in most cases, good substitutes for genetic correlations Cheverud, 1988; Roff, 1995 Roff, , 1996 Koots & Gibson, 1996; Simons & Roff, 1996; Tucic & Avramov, 1996; Bonnin et al., 1997;  this study; but see Hughes, 1995) . This is good news for evolutionary ecologists, as it strengthens the view that evolutionary inferences can be drawn from phenotypic data without necessarily requiring laborious quantitative genetic estimates.
